Abstract Withania ashwagandha, belonging to the family Solanaceae, is an important medicinal herb of India with restricted geographic distribution. It is a rich source of withaferin A (WA) and other bioactive withanolides. In the present study a rapid in vitro mass propagation protocol of W. ashwagandha was developed from nodal explants. Nodal explants were cultured on MS medium supplemented with various concentrations and combinations of plant growth regulators (PGRs). The highest number of regenerated shoots per ex-plant (33±2.7) and highest WA (13.4±1.15 mg/g of DW) production was obtained on MS medium supplemented with 5.0 μM 6-benzyladenine (BA) and 1.0 μM Kinetin (Kn). In vitro raised shoots were further rooted on half-strength MS medium containing 2.0 μM Indole-3-butyric acid (IBA) and analyzed for WA production. The rooted plantlets when transferred to poly bags in the greenhouse showed 90 % survival frequency. Levels of WA were higher in the in vitro and ex vitro derived shoot and root tissues as compared to field grown mother plants. In an attempt to further maximize WA production, shoot cultures were further grown in liquid MS medium supplemented with 5.0 μM 6-benzyladenine (BA) and 1.0 μM Kinetin (Kn). Root cultures were grown on half strength MS liquid medium fortified with 2.0 μM of IBA. WA production in the liquid cultures was significantly higher compared to the static composition of the same media. This protocol, first of its kind in this plant, can be successfully employed for conservation, proliferation and large-scale production of WA. The regenerated plants can also be used in traditional medicine as an alternative to naturally collected plants.
Introduction
Withania ashwagandha belonging to the family Solanaceae is a plant of immense medicinal value largely due the presence of array of bioactive withanolides. It is an annual selffertilizing herb with restricted geographic distributed growing exclusively as small-cultivated populations only in drier regions of India (Mir et al. 2013) . Recently, it has been delineated form wild germplasm of W. somnifera using multidisplinary genome diagnostic approaches (Mir et al. 2010; Kumar et al. 2011) . Withania is an extensively used medicinal herb in the Indian traditional systems of medicine. The roots of the plant are used in constipation, rheumatism, nervous exhaustion, loss of memory, loss of muscular energy, syphilis and gastrointestinal disorders (Tuli et al. 2009; Mir et al. 2012) . The plant is a rich source of pharmacologically active withanolides including withaferin A (WA, anticancer molecule) that are prospective high-value drug candidates. The leaves contain two times more WA than the common species, W. somnifera which has been extensively investigated both in terms of pharmacology and phytochemistry. WA is an effective anticancer molecule widely used for the treatment of wide range of cancers (Kaileh et al. 2007; Mayola et al. 2011; Hahm et al. 2013) . The other therapeutic value ascribed to bioactive withanolides include anti-oxidative, immunemodulatory, anti-stress, cardio-protective, anti-inflammatory, aphrodisiac, anti-stress, cardio-protective and neuroprotective (Ahmad et al. 2005; Tuli et al. 2009 ).
Owing to the ever-increasing demand of bioactive withanolides, the species is being indiscriminately exploited, thereby threatening its stock in the wild. Pharmaceutical industry generally uses field-grown plants by randomly uprooting the whole plants to meet the current demand of bioactive withanolides (Mir et al. 2014a, b) . Long gestation period coupled with slow growth rate and low concentration of active compounds are the other impediments with the extraction of withanolide from plant source. The complex accumulation patterns and the structural complexity of WA also preclude its large scale extraction and chemical synthesis.
Poor seed viability and germination restricts its propagation through sexual means, and propagation via seeds causes a wide range of variations among the plants. The quality and quantity of withanolide constituents are highly affected by genotype and environmental conditions. In this scenario, plant cell and organ culture of an elite genotype is an attractive alternative for large-scale propagation and for the production of bioactive withanolide (Mir et al. 2014a) . It is the most suited approach for the conservation and commercial propagation of rare and endangered medicinal species to reduce the dependence on the natural habitat for the supply of raw drugs (Baskaran et al. 2013; Mir et al. 2014a) . Plant tissue culture could also provide a means of disease free healthy clones for extraction of pure drugs molecules. It also offer an elegant alternative for homogeneous, controlled production of metabolites, throughout the year, especially when we take commercial demand into account (Gawde and Paratkar, 2012; Mir et al. 2014a) . Further in vitro propagation through shoot tip and nodal explants is an easy and economic way for obtaining large number of consistently uniform and true-to-type plants.
The present study was therefore, aimed to develop a highfrequency rapid in vitro regeneration system for mass propagation, conservation and for the production of WA in an elite genotype (WA02) of W. ashwagandha. Additionally, the communication documents the capacity of regenerated plantlets and liquid cultures to accumulate greater quantity of WA in comparison with naturally-grown plants. To our knowledge this is the first study to develop the in vitro regeneration protocol and withanolides accumulation insights in W. ashwagandha.
Materials and methods

Plant material
Plant material was selected for the present study from Ashwagandha Gene Bank stocks at the Indian Institute of Integrative Medicine (IIIM), Jammu, India. A withaferin A rich accession of W. ashwagandha (WA02) characterized previously was used as a source of explants. The voucher specimen of the plant vide specimen voucher number RRL 50412 was deposited in the Herbarium of IIIM.
Culture media and conditions
Culture media consisted of Murashige and Skoog (1962) basal medium, liquid (root and shoot culture) or solidified with 0.8 % (w/v) agar (shoot proliferation and rooting), supplemented with 3 % (w/v) sucrose and plant growth regulators (PGRs) of various concentrations (Table 1 and 2). All PGRs were purchased from Sigma-Aldrich (St. Louis; MO; USA). The pH of the medium was adjusted to 5.8-5.9 prior to the addition of 0.8 % agar (w/v). The medium was sterilized by autoclaving at 15 psi and 121ºC for 20 min and the cultures were incubated in a growth chamber under a 16:8 h photoperiod, illuminated with cool white fluorescent (F 40 T 12/CW/ EG) lamp at a photon flux density of 100 μ mol m −2 s −1 at 25± 2ºC and 65-70% relative humidity. The root cultures were maintained in darkness.
Explants preparation and establishment of the shoot cultures Nodal explants of 30-day-old seedlings were used for the induction of shoot cultures. The explants were washed thoroughly under running tap water for 30 min and soaked in 2 % (v/v) solution of Tween-20 (Sigma-Aldrich, St. Louis, USA) for 15 min followed by washing under running tap water for 1 h to remove the dust particles. Further they were treated with Bavistin (1 % w/v) for 10 min followed by treatment with 0.1 % (w/v) HgCl 2 for 2 min. Finally, the explants were rinsed three times in sterilized double-distilled water and placed on MS solid media supplemented with different concentrations and combinations of BA (0.5-10 μM), Kinetin (Kn) (1-5 μM) and IAA (1-5 μM) for induction of shoot cultures and quantification of WA (Table 1) . After proliferating shoots, micro-shoots were transferred to fresh medium every 5-6 weeks. The total number of shoots, and their length, were recorded after 5 weeks of fifth subculture, using at least 20 explants per medium. The shoots (both in vitro and ex vitro) were analyzed for WA quantification. After successful establishment in the MS solid media the shoots were placed in 250 ml Erlenmeyer flasks containing 50 ml of MS medium supplemented with BA (0.5 μM) and Kn (1.0 μM), the medium that showed the maximum shoot proliferation and WA accumulation in the static medium.
Rooting of shoots, plant transfer into soil and establishment of root cultures
For rooting, excised shoots were separated and transferred into half or full-strength MS medium, with NAA, IAA and IBA in concentrations ranging from (0.5-2.0 μM) ( Table 2 ). The root tissues from both media combinations were also analyzed for WA analysis. Half strength MS medium showed comparatively better response in root number and length however there were no significant differences in the content of WA. Roots were further cultured in 50 ml culture tube containing 20 ml of culture medium. The rooting percentage, and the number and length of roots, were recorded after 5 weeks of culture. Healthy plantlets with well-developed roots were subsequently placed in plastic pots containing a mixture of sterile soil and sand (1:1 v/v) with 15 % vermiculite, and covered with glass beakers for 5-10 days. The pots were irrigated with tap water every second day. These plants were maintained in the green house (25±2ºC) photoperiod conditions for acclimatization ex vitro for 3-4 weeks. The survival frequency was recorded once plants had hardened and acclimatized. Some of the roots were cultured in 100 ml Erlenmeyer flasks containing 40 ml of half strength liquid MS medium supplemented with IBA (2.0 μM), on a rotary shaker at 80 rpm, in darkness, and sub cultured to fresh medium every 6 weeks. The root biomass from 5-7 passages of stable root cultures, maintained in MS half strength liquid medium fortified with IBA (2.0), was collected for WA analyses and compared with ex vitro and naturally grown plant root biomass.
Withaferin A extraction and quantification
Root and shoot samples of in vitro, ex vitro and field grown mother plants were separately oven dried at 45-50ºC for 48- 50 h. Dried and powdered samples were percolated separately four times with ethanol: water (1:1) at room temperature. Extracts were centrifuged and concentrated to 1/8th of the original volume under reduced pressure at 50±5ºC. The concentrated residues were extracted with chloroform. Thereafter, chloroform was distilled off under reduced pressure. The residue was weighed and dissolved in HPLC grade methanol (Ranbaxy Fine Chemicals) and subjected to HPLC for detection and quantification of WA as described previously (Mir et al. 2014a) . HPLC was carried out on a Shimadzu HPLC system consisting of a Pump LC-10ATVP, an automatic sampling unit (auto-sampler), SIL-10ADVP, a column oven CTO-10ASVP, a diode array detector, SPD-M10AVP and SCL-10AVP Version 5.40 (Shimadzu). Class VP software (Version 6.10) was used for data analysis and processing using a C 18 phenomenex column (5 μm, 250×4.0 mm I.D., PN 00G-4252-EO) by UV detector at 237 nm. The samples were eluted with MeOH-H 2 O (60:40) at a flow rate of 0.7 ml min −1
.
Statistical analysis
All experiments were repeated a minimum of three times with 20 explants per treatment. The proliferation of shoots and rooting were subjected to one-way analysis of variance (ANOVA), followed by Duncan's POST-HOC test. WA was quantified as percent dry weight (DW). A two-sided P value of 0.05 was used to determine statistical significance. All analyses were conducted using SPSS software. Data are presented as mean±standard error (SE).
Results and discussion
Shoot proliferation and establishment
In the face of indiscriminate exploitation for bioactive withanolides an effective propagation protocol of W. ashwagandha for conservation, usage in traditional medicine, and for commercial exploitation was developed. Nodal explants of an elite genotype of W. ashwagandha (WA02) were inoculated on MS medium supplemented with various combinations and concentration of PGRs (Table 1) . Shoot multiplication was observed at all the concentrations of PGRs after five weeks. However, the average number of shoots per explants and ex-plant responses varied significantly among the treatments (Table 1) . Maximum number of shoots and length of the shoots (33.0±2.70 and 5.5±0.35 cm, respectively) were observed in explants inoculated on MS medium fortified with 5.0 μM (BA) and 1.0 μM (Kn) ( Table 1 & Fig. 1a) . It was very interesting to observe that cultures initiated on MS medium containing BA and Kn showed higher number of multiple shoots. Cytokinins are a class of plant growth substances that are active in promoting cell division as well as being active in numerous physiological processes, including plant cell growth and differentiation (Mahesh and Jeyachandran, 2013) . The stimulating effect of BA alone or in combination with Kn on bud breaking and in vitro multiple shoot formation has been reported in W. somnifera (Ray and Jha, 2001; Sharada et al. 2007; Ahuja et al. 2009; Dewir et al. 2010; Mir et al. 2014a) , Trichodesma indicum (Mahesh and Jeyachandran, 2013) and Drimia robusta (Baskaran et al. 2013) and many other species (Kumar et al. 2005; Baskaran et al. 2012; Thiem et al. 2013) . The positive effect of BA was observed only unto a threshold of 5.0 μM as the further increase in the concentration of BA alone or in combination with Kn did not elicit any greater response in the parameters studied. Higher concentrations of BA were also observed to be conducive for callus formation. Sporadic and very limited callus formation occurred at the base of the shoot following culture initiation (first two subcultures). Similar results have been reported for common species W. somnifera of genus Withania (Sangwan et al. 2007a, b) and other genera (Sliva et al. 2010; Baskaran et al. 2013) . In vitro-derived shoot-tip explants exhibited high regeneration potential with no evidence of decline even after 8-10 subcultures of mass propagation. Profuse flowering of cultures growing on Kn (5.0 μM) and BA (1.0 μM) medium was observed after eight weeks and the flowers were fully functional (Fig. 1b) .
In an attempt to maximize production of bioactive withanolides and to circumvent the decline in shoot proliferation due to solid medium, the effect of growing the shoot cultures in liquid MS medium was investigated. Among the various combinations of PGRs used, the liquid medium supplemented with BA (5.0 μM) and Kn (1.0 μM) has been selected for mass production of shoots and WA production due its positive response on shoot multiplication and WA synthesis. The shoots derived from five week old explants of W. ashwagandha were further cultured in 50 ml liquid MS media supplemented with BA (5.0 μM) and Kn (1.0 μM). Shoot biomass in MS liquid medium was significantly increased after five weeks and reached to 30.5±2.15 g FW (3.5±0.08 g DW) compared to 23.0±3.5 g FW (2.3±0.10 g DW) in static cultures (data not provided). In liquid medium, high frequency of multiple shoot formation coupled with enhanced biomass and withanolide production was reported (Mir et al. 2014a ).
Rooting of shoots and acclimatization ex vitro
Rooting and subsequent acclimation of in vitro plantlets are the crucial steps in micro-propagation. Following 8 weeks of culture on the proliferating medium, some of the W. ashwagandha shoots spontaneously formed roots. The remaining in vitro raised cut shoots were transferred for rooting to half and full strength MS media supplemented with various concentrations of NAA, IAA and IBA (Table 2) regard to number of roots and root length; however percentage of rooting was similar in both the treatments as described previously in W. somnifera (Mir et al. 2014a) . Hence, only half strength media compositions were highlighted as shown in Table 2 . IBA the most widely employed auxin for rooting (Ahuja et al. 2009; Baskaran et al. 2013 ) yielded the optimum response both in terms of percentage of adventitious root induction and average number of roots per shoot. NAA and IAA induced callusing prior to rooting. Hundred percent rhizogenesis was observed in MS half-strength medium supplemented with 2.0 μM IBA (Fig. 1c-d & Table 2 ). The medium also showed the highest root length of 4.5±0.50 cm with 38±3.8 number of roots per shoot. The roots formed were initially whitish, but subsequently changed to brown when the shoots had matured possibly due to the increased concentration of secondary metabolites. The roots were further grown in half strength liquid MS medium. The root growth was initially very slow, but became rapid after 3 weeks of culture. As with plantlets, the colour of the roots produced in liquid culture was age dependent; the first roots produced were initially white, but changed in colour to brown (Fig. 1d) . These changes in colour may be related to an accumulation of secondary compounds (Thiem et al. 2013) . The survival rate of regenerated plants was 90 % and they grew normally after planting into plastic pots containing a mixture of sterile soil and sand (1:1 v/v) with 15 % vermiculite followed by the maintenance in the green house (Fig. 1e) . Ex vitro (green house) plants derived from in vitro micro-propagated ones were phenotypically similar to those of natural/field grown plants and no detectable differences in their growth characteristics were observed. Further studies are needed for deeper insights into the withanolide dynamics at various developmental stages. The field grown organs were directly taken from the ex plant source at maturity stage for comparative studies as shown in Table 3 .
Withaferin A (WA) estimation and accumulation WA content in the shoot and root tissues of in vitro, green house and naturally/field grown plants were quantified using HPLC. Representative HPLC chromatograms of mother plants and in vitro cultured shoots together with standard pure molecule are given in Fig. 2 . It was also noted that different concentrations and combinations of PGRs in the culture medium affected the WA accumulation in both shoots and roots indicating a strong influence of PGRs on withanolide accumulation (Table 1 and 2). The media combinations containing BA or Kn accumulated higher contents of WA compared to field grown plants whereas, IAA elicited least WA content. The highest production of WA (14.4±1.15 mg/g DW) was observed in MS medium supplemented with 5.0 μM 6-benzyladenine (BA) and 1.0 μM Kinetin (Kn). Comparative analysis showed that the production and accumulation of WA was higher in the in vitro and ex vitro derived shoots and root tissues as compared to field grown mother plants (Table 1 , 2 and 3). The elicitation of other bioactive withanolides was also observed in this study, however they were not quantified. Green house acclimatized plants synthesized the highest content of WA (14.866±0.85 mg/g DW) and probably other secondary compounds compared to in vitro grown plants (Table 3 ). This could be explained by different environmental conditions that may influence the synthesis of withanolides. This finding was consistent with previous reports of withanolide production by shoot cultures of the common species, W. somnifera (Ray and Jha, 2001; Sharada et al. 2007; Ahuja et al. 2009; Mir et al. 2014a ). The shoots further cultured in MS liquid medium containing BA (5.0 μM) and Kn (1.0 μM) were monitored for WA content. A steady increase in WA was observed from the first week of inoculation to the fifth week and after five weeks it was observed to be 14.82 ± 1.50 mg/g of DW (Table 3 ). The enhanced *Plants grown on MS agar medium **Shoots and roots were transferred in flasks containing 50 ml liquid culture medium and harvested after five weeks ***Green house plants were grown in green house in poly bags production of WA is in line with our previous studies in W. somnifera (Mir et al. 2014a ). The root tissues, which contain minor quantity of WA, did not show any significant variations between in vitro, green house and field grown plants, however, roots of green house plants showed slightly higher accumulation (0.835±0.15 mg/ g DW) (Table 2 and 3). The bioactive content in the present study was thus varied and tissue dependent probably due to the de novo synthesis as reported in the previous studies (Sangwan et al. 2007a, b; Baskaran and Jayabalan 2008; Dewir et al. 2010; Baskaran et al. 2012 Baskaran et al. , 2013 . Dynamics of WA in the in-vitro roots were also investigated in the liquid medium containing 2.0 μM of IBA. The highest accumulation of the compound (0.945±0.10 mg/g) in the root cultures was reported in five weeks time. Further, WA was most dominant in the shoots from both greenhouse and in vitro grown plants and minor in roots. The present study has successfully demonstrated an enhancement of WA production by in vitro liquid cultures, it is therefore, anticipated that liquid cultures would serve as a cost-effective alternative for the production of WA. It also offers the prospect of developing a continuous bioreactor system for greatly improved productivity (Gawde and Paratkar, 2012; Mir et al. 2014a ).
In conclusion, this protocol of in vitro propagation and WA production in W. ashwagandha, besides useful in the conservation could also provide an alternative to environmentally and economically unwise random harvesting of plants from the wild for the production of bioactive withanolides. The present study, first of its own kind in this high value medicinal plant reported higher WA accumulation in in-vitro and exvitro plants compared to field grown plants. It enhances the prospects for establishment of cost effective bioreactor for the large scale production of bioactive withanolides. The in vitro mass propagation protocol can also be useful in traditional medicine as an alternative to natural populations.
